A call to action: the changing face of HIV infection
====================================================

The advent of combined antiretroviral therapy (cART) resulted in a profound decrease in mortality rates in people infected with the human immunodeficiency virus (HIV). cART greatly extends the lifespan of HIV-infected individuals by reducing viral load, preserving immune function and decreasing the risk of lethal opportunistic infections. With the introduction of cART, HIV infection evolved from a certain death sentence into a life-long disease that is manageable with drug therapy. Despite this promising success, a serious comorbidity that remains prevalent in nearly 30% of cART-treated HIV-infected individuals are the HIV-associated neurocognitive disorders (HAND), a spectrum of neurological complications that range from asymptomatic cognitive impairments to severe dementia ([@b74-0050313]). HAND remains a major concern for HIV-infected individuals because it can result in impaired daily living and a reduced quality of life. In severe instances, HAND can contribute to increased mortality in HIV-infected individuals because their cognitive dysfunction results in cART noncompliance.

Since the emergence of HIV in humans in the 1980s, numerous mouse models have been established in an attempt to mimic the progression of human HIV disease. Given the current changes in the clinical presentation of HIV infection, we review here the contributions of mouse models to the understanding of the neuropathology that underlies HAND. We also address their limitations, and explore the possibility of developing a new mouse model that would be relevant to the current clinical presentation of HAND in HIV infection.

Mechanisms that contribute to HAND
==================================

There are several mechanisms that are thought to contribute to the development of HAND in cART-treated individuals. These include: (1) ongoing viral replication in the brain due to low brain penetration of cART, (2) infiltration of activated cytotoxic CD8^+^ T cells into the brain, (3) indirect neurotoxicity from the extracellular release of the HIV Tat protein (despite control of viral replication by cART) and (4) direct neurotoxicity of the cART drugs themselves. These mechanisms are discussed in detail below.

Many cART regimens exhibit low blood-brain barrier (BBB) uptake, so it can be difficult to establish therapeutic drug levels in the brain. This creates a scenario in which, although viral loads are well controlled in the periphery, viral replication continues to occur in the brain because the antiretroviral drugs are present at subtherapeutic concentrations. Failure of cART to control HIV replication in the brain is an important mechanism that contributes to the development of HAND because it provides a favorable environment for the evolution of drug-resistant HIV. The ongoing replication of HIV in the brain can also play a role in the second mechanism implicated in the persistence of HAND: the presence of activated T cells in the central nervous system (CNS). This phenomenon has been termed immune reconstitution inflammatory syndrome and can manifest as an acute or chronic form (reviewed in [@b36-0050313]). Host mechanisms for the control of HIV replication in the CNS are not completely understood; however, animal models indicate that CD8^+^ T cells enter the brain early in the course of infection and persist in the brain in a highly activated state ([@b50-0050313]; [@b49-0050313]). These chronically activated T cells could contribute to HIV-mediated neuropathology either through direct cytotoxic killing of infected brain cells or through indirect mechanisms such as the release of proinflammatory cytokines.

A third mechanism that can contribute to HAND is the fact that cART cannot prevent the production of early viral proteins once proviral DNA has been formed. Current cART regimens inhibit HIV replication by targeting HIV protease or HIV reverse transcriptase. Because of this, the drugs do not block production of the early viral proteins Tat, Rev and Nef ([@b52-0050313]). This is especially problematic for Tat because, even in the presence of successful cART-mediated suppression of HIV replication, infected cells still release Tat protein into the extracellular space where it can exert neurotoxic effects by interacting with neighboring cells ([@b47-0050313]; [@b10-0050313]). The final mechanism that can contribute to HAND is the fact that cART drugs demonstrate neurotoxicity. This has been shown indirectly in HIV-infected individuals through neuropsychological evaluation ([@b64-0050313]) and through in vitro studies ([@b65-0050313]). However, the exact molecular processes that mediate this toxicity in the brain remain to be determined.

Mechanisms involved in neuronal injury during brain infection with HIV
======================================================================

To enter the brain, HIV must first cross the BBB. Previous work has suggested that HIV is transported across the BBB either by infected macrophages ([@b54-0050313]; [@b58-0050313]) or as free viral particles ([@b4-0050313]). HIV enters the brain early in the course of infection ([@b18-0050313]), and can be detected in brain macrophages, microglia and astrocytes in pre-symptomatic individuals, suggesting that these cell types are important reservoirs for the virus ([@b79-0050313]). HIV cannot directly infect neurons. Instead, HIV-mediated neurotoxicity occurs as a result of indirect mechanisms. One key process that mediates neurotoxicity is the release of soluble neurotoxic viral proteins (Tat and gp120) and proinflammatory molecules (cytokines and free radicals) from productively infected brain macrophages and microglia. As described previously, these HIV-infected cells can maintain a persistent low-level infection because the brain is poorly accessed by most antiretroviral drugs. This promotes accumulation of chronically activated uninfected T cells in the CNS. The release of pro-inflammatory cytokines by these T cells provides another indirect mechanism that contributes to neuronal injury (reviewed in [@b36-0050313]). [Fig. 1](#f1-0050313){ref-type="fig"} shows a summary of how these indirect mechanisms result in neuronal injury associated with HIV infection in the brain.

Brain cells infected by HIV
===========================

Brain macrophages and microglia
-------------------------------

The key cells that support productive HIV infection in the brain are the macrophages and microglia ([@b41-0050313]; [@b86-0050313]). Brain macrophages consist of several distinct cell populations. For the purpose of this review, we focus on the perivascular macrophages. Whereas microglia are a long-lived static population of cells, perivascular macrophages are a dynamic population that is periodically replenished by monocytes from the peripheral blood ([@b39-0050313]). Perivascular macrophages seem to be a major target for the dissemination of HIV infection to the brain from the periphery. Interestingly, it has been shown that HIV-infected monocytes can cross the BBB more readily than uninfected monocytes ([@b61-0050313]). These findings are important because HIV-infected monocytes that cross the BBB can repopulate the resident macrophages of the perivascular space with HIV-infected cells.

![**Cellular mechanisms that contribute to the development of HAND.** (1) HIV can infect astrocytes by direct cell-cell contact with infected T cells through the virological synapse. (2) After infecting astrocytes, HIV integrates into the genome where it remains latent. (3) HIV-infected macrophages enter the brain early after initial infection. Next, HIV infection spreads to perivascular macrophages and microglia, a process that occurs when HIV enters the cell after binding to the CD4-receptor--CCR5 co-receptor complex. (4) HIV-infected astrocytes and microglia cause neuronal injury indirectly by releasing soluble toxic viral proteins (Tat and gp120) and proinflammatory molecules (cytokines and chemokines). (5) Ongoing low levels of HIV replication in the CNS despite the use of cART promotes the entry of chronically activated T cells, which cause neuronal injury indirectly by releasing pro-inflammatory cytokines.](DMM008763F1){#f1-0050313}

Astrocytes
----------

Perivascular astrocytes are another cell receiving increasing attention as an important reservoir for HIV ([@b15-0050313]; [@b25-0050313]). Although in vivo and cell culture studies indicate that HIV infects astrocytes, the role of these cells in HIV neuropathology is not fully understood ([@b42-0050313]). Recent studies show that, in individuals with HAND, as many as 19% of the perivascular astrocytes are infected with HIV ([@b15-0050313]). Because astrocytes outnumber neurons by 10:1, this represents a large amount of infection in the brain, which was previously under-recognized. The impact of astrocyte infection might be substantial because these cells demonstrate aberrant intracellular signaling and abnormal interactions with the brain endothelial cells of the BBB ([@b25-0050313]). Astrocyte-mediated disruption of the BBB could play a role in the development of HAND because it would allow increased numbers of HIV-infected or activated monocytes or lymphocytes to traffic into the perivascular space, thereby exposing the brain to additional HIV-infected cells and proinflammatory insults.

Mouse models of HIV: a brief history and evidence of cognitive dysfunction
==========================================================================

Because HIV is not infectious to rodents, creating a small animal model that can accurately mimic the human pathology has proven to be quite challenging. A variety of cutting-edge techniques have been employed in an effort to establish an HIV mouse model. These small animal models have evolved drastically in their level of complexity over the last 30 years ([Table 1](#t1-0050313){ref-type="table"}) ([@b62-0050313]). Although in vivo HIV models have been established in other species, mouse models confer several advantages that help to maintain their popularity. These include: (1) the ease of handling the animals, (2) the low relative cost associated with their production and maintenance, and (3) the well-established and easy-to-use methods for manipulating the mouse genome. As with all mouse models of human disease, however, a major challenge is the difficulty in predicting how preclinical findings will translate in a clinical setting.

Transgenic mouse models
=======================

Transgenic mouse models were among the first tools created for the study of HIV pathology in vivo. HIV demonstrates a limited capacity for replication in mouse cells because numerous key proteins are either missing or are altered in such a way that the virus cannot interact with them. For example, the absence of any of the following host factors can result in restricted infectivity of HIV in the mouse: CD4, CCR5, cyclin T1, APOBEC, Fut-2, TRIM5α, Lv-1, Ref-1, cyclophilin, host-splicing inhibitor p32 and certain restriction factors. Early attempts to confer susceptibility to HIV infection in transgenic mice relied on the use of genetic techniques to introduce human host factors individually (single transgenic) or in combination (double transgenic). These efforts indicate that, although it is possible to create transgenic mouse models that support viral entry, the primary barrier to HIV infectivity in the mouse is that the cells are unable to support HIV replication. This is because, after successfully entering the mouse T cell, HIV encounters a block that prevents viral integration into the mouse genome, and subsequent viral production cannot occur ([@b78-0050313]). There are several HIV proteins that are toxic to neurons, including gp120, gp140, Tat, Nef, Vpr and Rev ([@b52-0050313]). The discovery that gp120 and Tat can be released as soluble proteins led to initial studies involving injection of these proteins directly into the mouse brain ([@b37-0050313]). Eventually, transgenic mouse models expressing gp120 or Tat were created in an attempt to better replicate the neuropathology present in HAND.

###### 

**Summary of mouse models currently used for the study of HAND**
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gp120 transgenic mice
---------------------

The HIV envelope glycoprotein gp120 is the most prominent viral antigen found in the lysates of HIV-infected cells ([@b71-0050313]). In the periphery, the overproduction and shedding of gp120 by HIV-infected cells is thought to play a major role in the protective antibody response against HIV ([@b72-0050313]). In the CNS, however, HIV-infected macrophages and astrocytes can shed gp120 into the extracellular space as a soluble protein, so gp120 has the potential to interact with uninfected neurons. A transgenic gp120 mouse model was generated by inserting the portion of the HIV *env* gene that encodes gp120 into the mouse genome under the control of a glial fibrillary acidic protein (*GFAP*) promoter, resulting in gp120 protein expression by brain astrocytes. Secretion of gp120 in these transgenic mice is associated with neuropathological changes in the neocortex and hippocampus, indicating that soluble gp120 is neurotoxic ([@b80-0050313]). These animals also have impaired proliferation and differentiation of neural progenitor cells ([@b44-0050313]; [@b55-0050313]). Similarly, behavioral testing using the Morris water maze shows that the gp120 transgenic mouse demonstrates an age-dependent impairment in spatial reference memory, indicating that overexpression of gp120 in older mice confers a susceptibility to cognitive decline ([@b16-0050313]). Subsequent studies indicate that the underlying mechanism for neuronal injury in these mice involves enhanced glutamate signaling via N-methyl-D-aspartate (NMDA) receptors and abnormal activation of Ca^2+^-dependent signaling pathways ([@b43-0050313]; [@b48-0050313]; [@b81-0050313]). Via interactions with CXCR4, gp120 can also upregulate the nicotinic acetylcholine receptor, particularly in the striatum, leading to dysregulation of Ca^2+^ signaling in neurons ([@b3-0050313]). These mice also develop hyperphosphorylation of tau protein, a condition that causes tau to dissociate from the neuronal microtubule cytoskeleton. Following its detachment from microtubules, tau then self-associates inside the cell into tangles of paired helical filaments. The presence of these tau aggregates in the gp120 mouse is notable: these are a histopathological feature that is common in the Alzheimer's disease brain ([@b2-0050313]). Studies have shown that tau hyperphosphorylation in the gp120 mouse can be prevented by combined treatment with erythropoietin and insulin growth factor-1 ([@b38-0050313]), or with an inhibitor of cyclin dependent kinase-5 ([@b56-0050313]).

Tat transgenic mice
-------------------

Tat, a protein that is involved in HIV transcription, is the first protein produced by HIV following infection. After HIV-infected cells secrete Tat, this protein can enter most cell types in the body via its arginine-rich basic domain. Unlike gp120, Tat production is not impacted in HIV-infected individuals on cART. This is important because, even in the absence of viral replication, a large amount of Tat protein is present. One report showed that nearly 33% of HIV-infected individuals have detectable Tat in serum, ranging from 0.1 to 40 ng/ml ([@b90-0050313]). To better understand the contribution of Tat protein to the progression of HAND, several Tat transgenic models have been created whereby Tat expression occurs constitutively throughout the lifespan of the mouse in most tissues ([@b13-0050313]; [@b27-0050313]; [@b83-0050313]; [@b84-0050313]). Interestingly, Tat protein could not be detected in the brain and these animals did not develop any obvious neurological abnormalities. Hence, two laboratories created separate lines of a brain-tissue-specific Tat transgenic mouse that expresses Tat protein using a *GFAP* promoter with a doxycycline-inducible component ([@b26-0050313]; [@b40-0050313]). Like the gp120 transgenic mouse, these Tat transgenic mice demonstrated neuropathological changes. However, in one of the lines, the damage was largely localized to the cerebellum and cortex ([@b40-0050313]). In the second line, the abnormalities were found to be more subtle, with a reduction in spine density, dendritic abnormalities, and widespread disruption of the opioid system in the brain ([@b26-0050313]). Subsequent studies showed that there are several potential mechanisms that mediate Tat toxicity in the brain, such as toxicity to dopaminergic neuronal populations ([@b1-0050313]; [@b5-0050313]; [@b85-0050313]) and activation of ryanodine receptors resulting in increased dopamine transporter levels ([@b53-0050313]; [@b57-0050313]). Dysregulated expression of microRNAs has also been found to contribute to neuronal dysfunction in *GFAP-Tat* transgenic mice ([@b9-0050313]).

New application for transgenic mouse models: development of adjunctive therapies
--------------------------------------------------------------------------------

Transgenic mouse models that express HIV proteins are useful because they provide valuable information about the acute toxicity of viral proteins. Although the use of these models has declined recently, they are still relevant for HIV research because they are reflective of the current HIV-infected population. Specifically, since the advent of cART, HIV-infected individuals are now characterized by low viral loads yet high levels of neurotoxic Tat protein. Thus, one promising approach for deterring the development of HAND in HIV-infected individuals would be the development of biologics (e.g. antibodies, antisense reagents or siRNA) to specifically target neurotoxic viral proteins such as Tat. Anti-Tat biologics are an attractive adjunctive therapy for HIV because they are specifically designed to target viral proteins and are therefore less likely to produce off-target side effects.

Caveats of transgenic mouse models
----------------------------------

Studies conducted with gp120 and Tat transgenic mice have provided clues about the mechanisms involved in HIV-associated neuropathology. For example, we now know that the presence of toxic viral protein alone is sufficient to cause neuropathology and the development of cognitive deficits. Although the available HIV transgenic mouse models are useful for exploring adjunctive therapies, they have several limitations. For example, both the Tat and gp120 transgenics express their respective transgene in astrocytes through the presence of a *GFAP* promoter. However, the primary cell type that supports productive brain infection of HIV is the macrophage, so these mouse models would be more pertinent if they contained a cell-specific promoter for the expression of HIV neurotoxic proteins in macrophages instead of astrocytes. A second caveat to the non-inducible Tat and gp120 transgenic mouse models is that the mice express these viral proteins throughout their lifespan. This is problematic because expression of neurotoxic proteins during development can lead to an abnormally robust neuronal population because susceptible neurons are eliminated early in development and replaced by less vulnerable cells. Finally, the use of doxycycline in the Tat-inducible transgenic mouse is problematic because this antibiotic has the potential to act as a neuroprotective compound both in vivo and in vitro ([@b12-0050313]; [@b34-0050313]), increasing the risk of false negatives. Furthermore, this inducible promoter is leaky, so small amounts of Tat protein can be expressed in early stages of development. This leakiness might explain why an immune response to Tat does not occur in these animals after Tat induction. However, this can be viewed as an advantage in that the model allows studies of the effects of Tat on the brain in an adult animal without the need for immunosuppressive drugs.

Humanized mouse models
======================

Humanized mouse models are generated by transplanting human cells or tissues into genetically modified immunodeficient mice. Mice with a humanized immune system can sustain long-term chronic HIV replication and are susceptible to infection through the natural routes by which humans are exposed to the virus. Here, we refer to this paradigm as the human immune system (HIS) mouse model. Early HIS mouse models were generated by surgically grafting human fetal lymphoid organs (bone marrow, liver and thymus) in an immunodeficient mouse to generate, and mature, human immune cells. These procedures required great surgical skill along with unrestricted access to a system for procurement of human fetal tissue ([@b46-0050313]). To establish a more widely accessible method for the generation of HIS mouse models, a technique was established whereby a recipient immunodeficient mouse was simply injected with a suspension of either human fetal hematopoietic progenitor cells isolated from umbilical cord blood (CD34^+^ cells) or adult human peripheral blood mononuclear cells (PBMCs).

Generation of the more recent HIS mouse models has been made possible by the development of immunodeficient mouse strains with severe defects in both innate and adaptive immunity. These include the NOD/Shi-*scid IL2rγ*^−/−^ (NOG) ([@b33-0050313]), the NOD/LtSz-*scid IL2rγ*^−/−^ (NSG) ([@b73-0050313]) and the BALB/cRag2^−/−^*γ~c~*--/-- (BRG) mouse. HIS models have been established in the NOG and NSG mice by intravenous administration of CD34^+^ cells (NOG/CD34^+^ or NSG/CD34^+^, respectively). Newborn BRG pups are typically engrafted with human CD34^+^ cells administered by intrahepatic injection (BRG/CD34^+^) ([@b82-0050313]). Mice are then infected with HIV at a later time. In terms of HIV research, the greatest advantage of the HIS mouse models is that NOG/CD34^+^, NSG/CD34^+^ and BRG/CD34^+^ mice can all support both a sustained HIV infection and an antiviral immune response within a single physiological system ([@b8-0050313]; [@b6-0050313]; [@b70-0050313]; [@b82-0050313]). In addition, they are susceptible to infection by natural routes: for example, in the BRG/CD34^+^ mouse, human immune cells populate mucosal tissues such as the gut and vaginal tracts, so the mice are readily infected through intravaginal and intrarectal exposures ([@b7-0050313]). Because of this, the HIS mouse models can be used to study complex issues that are relevant to the current HIV-infected human population. Comprehensive reviews have already been published on the immune response to HIV in these models ([@b20-0050313]; [@b21-0050313]), so we focus below on discussing their potential for use in the study of HAND.

Determining the mechanisms involved in HAND
-------------------------------------------

Of the HIS mouse models, only the NSG/CD34^+^ mouse has been characterized for its neuropathology. Histopathological examination of these mice revealed that they mimic aspects of the human neuroimmunology: for example, human CD163^+^/CD14^+^ macrophages were found to repopulate the meninges and perivascular spaces of these mice ([@b29-0050313]). In addition, proton magnetic resonance spectroscopy and morphological analysis of cortical neurons in HIV-infected NSG/CD34^+^ mice showed abnormalities in neuronal structures ([@b17-0050313]). Although other neurodegenerative diseases such as Alzheimer's disease and Parkinson's disease tend to act focally in targeted regions, HIV causes broad neurodegeneration with an emphasis on subcortical and deep gray matter structures. To determine whether the HIS mouse models demonstrate neuropathology comparable to that of an HIV-infected individual, more extensive imaging of these animal models with techniques such as two-photon microscopy and magnetic resonance imaging (MRI) will be necessary to track disease progression and assess how well it correlates with clinical data. These models would be especially useful if they could provide neuroimaging signals or biomarkers that could be used to detect presymptomatic neurological changes caused by HIV infection.

Testing cART for neurotoxicity
------------------------------

The most recent application of HIS mouse models has been extensive efficacy studies of cART therapies. Although it is well accepted that HIV infection can result in neuronal damage and the development of cognitive deficits, less well understood is what role cART plays in this matter. Although cART regimens with good CNS penetration are more effective in suppressing HIV replication in the brain, increasing the CNS penetration of cART does not always result in increased cognitive performance ([@b51-0050313]). A likely cause of this is neurotoxicity of the anti-HIV drugs themselves, although such neurotoxicity has not been proven. As in HIV-infected individuals, initiation of cART in HIV-infected BRG/CD34^+^ mice can suppress viremia ([@b12-0050313]; [@b67-0050313]) and recover CD4^+^ T cell counts ([@b12-0050313]). This indicates that the HIS mouse models can support a sustained HIV infection that is manageable with cART. Thus, this model could be used to examine which cART treatments are the least neurotoxic when administered over extended periods of time.

HIV evolution in brain reservoirs of cART-treated mice
------------------------------------------------------

HIV-infected individuals are often co-infected with more than one strain of HIV. This can result in the exchange of genetic material between the viral strains, a process referred to as viral recombination. Recombination can increase viral diversity, thereby increasing the probability that drug-resistant strains will emerge. In HIV-infected individuals on cART, if viral replication in the brain is not properly suppressed, viral recombination can occur in this reservoir. Additionally, tissue-specific factors in the brain might put evolutionary pressure on the virus, resulting in neurotropic strains ([@b30-0050313]). The HIS mouse model has great potential for studying HIV recombination and evolution in a physiological system. Studies have already shown that these models can be used to look at the evolution of a single strain of HIV. The NOG/CD34+ mice have been used to track mutations in the proviral DNA from the original HIV-1~JR-CSF~ inoculum ([@b69-0050313]). Additionally, viral populations isolated from HIV-infected BRG/CD34^+^ mice indicate that genotypic divergence occurs in these animals at a rate that is similar to that observed in humans over the same amount of time ([@b31-0050313]). However, mouse brain cells are not susceptible to HIV infection, so in their current form the models cannot be used to study viral evolution in the brain.

Caveats of HIS mouse models
---------------------------

HIS mouse models are useful for various applications, but their main drawback is the lack of consistency from mouse to mouse. This is due to the highly variable nature of human immune cells from person to person. These features can result in differences in both the level and timing of HIV infection in HIS mouse models. One approach to dealing with this limitation is to transplant large numbers of HIS mice with cells from the same donor to create experimental replicates. Another shortcoming of the HIS mouse model is that it is not clear whether the transplanted human immune system in a mouse functions in the same way as in humans. For example, once the CD34^+^ progenitor cells differentiate in the HIS mouse, immature human T cells seem to be 'educated' in the mouse thymus ([@b32-0050313]). Because this is not the typical route of human T cell maturation, it raises questions about how well these engrafted human T cells can 'see' and become activated in response to antigens in the HIS mouse. As discussed earlier, T cells become chronically hyperactivated during chronic HIV infection, a condition that is thought to play a role in the progression of HAND ([@b36-0050313]). If mouse thymic 'education' does not properly train the transplanted T cells, then this important component of chronic HIV infection might be impaired or absent in the HIS mouse model. To increase the translational capacity of the transplanted human immune system in the HIS mouse, a graft of the thymus from the autologous human donor could be carried out ([@b75-0050313]).

The HIV encephalitis mouse model
================================

Similar to the HIS mouse model, the HIV encephalitis (HIVE) mouse model involves grafting human immune cells into severe combined immunodeficient (SCID) mice. Unlike the HIS mouse models described above, in the HIVE mouse model cells already infected with HIV are implanted directly into the brain. Specifically, human macrophages are infected with a macrophage-tropic strain of HIV-1 (HIV-1~ADA~). They are then stereotaxically injected into the basal ganglia ([@b24-0050313]), putamen or cortex ([@b59-0050313]). Following implantation, these mice exhibit virus-infected macrophages that persistently express HIV p24 antigen and are viable in the brain for up to 5 weeks ([@b59-0050313]). The mouse brain also shows many of the histopathological features of HIVE, including HIV-infected perivascular and parenchymal macrophages, astrocytosis, microglial activation, neuronal apoptosis, and dendritic damage ([@b58-0050313]). In recent years, much research effort has been focused on the discovery and design of neuroprotective compounds to be used as adjunctive therapies in cART-treated HIV-infected individuals. The HIVE mouse model has proven to be useful for efficacy studies to screen potential neuroprotective compounds, such as sodium valproate ([@b22-0050313]), for their applicability in the setting of HIV-associated neuroinflammation.

Caveats of the HIVE mouse model
-------------------------------

The HIVE mouse model is a macrophage-centric model that can be used to study the contributions of HIV-infected human macrophages to HAND. The advantage of the HIVE model over a transgenic HIV mouse model is that the HIV-infected human macrophages can produce complete viral particles. This model was developed nearly two decades ago but, because of its complexity, it has largely been used by only a single research group. A disadvantage of this model is that it does not allow for long-term observation of HIV infection because the inflammatory response in the brain peaks within the first 2 weeks after macrophage implantation ([@b59-0050313]). Another caveat associated with this model is that stereotaxic injection of the human macrophages can result in traumatic brain injury to the mouse. This can confound interpretation of results because it is difficult to differentiate injection-induced injury from infection-induced injury. Finally, studies with this model were conducted in the CB17-SCID mouse strain, which, owing to an age-related 'leakiness' in the SCID-generated immune deficiency, the minimal host immune cells in this strain could potentially mount a xenoresponse to the transplanted human cells. Thus, future studies conducted in this model would be greatly improved if a more completely immune-deficient mouse strain is used for implantation, such as the NOG, NSG or BRG mouse.

Proposed future direction for the field: a new humanized mouse model for HAND
=============================================================================

Although the HIV-infected HIS mouse models have been characterized extensively for their ability to recapitulate the human immune response against HIV ([@b91-0050313]), there are few studies demonstrating the presence of learning and memory impairments in these animals. Similarly, the HIS mouse models cannot be used to study brain reservoirs of HIV infection because they do not contain HIV-infected microglia or astrocytes. Thus, an appropriate model to assess the HIV-associated neuropathology of HAND is not currently available. Here, we propose a strategy for the design of a new mouse model for HIV research, the HIS-CNS mouse. The technical details regarding the creation of this HIS-CNS mouse are summarized in [Fig. 2](#f2-0050313){ref-type="fig"}. Essentially, the HIS-CNS mouse will consist of a chimeric mouse that is transplanted postnatally with both a human immune system and HIV-permissive cells from the human brain (microglia and astrocytes). When the HIS-CNS mouse reaches maturity (8 weeks of age), it can be infected with HIV using various routes of exposure (e.g. intravenous, intrarectal, intravaginal). The advantage of the HIS-CNS mouse is that both the transplanted human lymphoid and brain tissue will be permissive to HIV infection, thereby creating an inexpensive easy-to-house mouse model that can be used to study the neuropathological mechanisms that contribute to the development of HAND. In addition, the HIS-CNS mouse will provide a novel model that could be used for evaluating the effectiveness of new strategies to eradicate brain reservoirs of HIV and for evaluating the effects of long-term antiretroviral therapy on the brain. This model, which uses human brain cells and HIV, provides distinct advantages over non-human primate models infected with SIV, because SIV is genetically distinct from HIV and does not respond to antiretroviral drugs in the same manner.

![**Proposed strategy for the development of a new mouse model of HIV infection: the HIS-CNS mouse.** Here, we propose a strategy in which 1-day-old immunodeficient mice are transplanted with human fetal microglia and astrocytes (intracerebrally), as well as with CD34^+^ human hematopoietic progenitor cells (intrahepatically). Prior to transplantation, human cells would be fluorescently labeled by transducing them with lentiviral vectors, to allow tracking of human cells in recipient mice. After the human donor cells have engrafted in the recipient mouse, the human-mouse chimera would then be susceptible to HIV infection, both in the periphery and in the CNS, and could therefore be used to study the pathophysiology of HAND.](DMM008763F2){#f2-0050313}

Previous studies have successfully implanted human brain cells into the mouse brain ([@b66-0050313]; [@b76-0050313]; [@b77-0050313]). These human cell transplantation studies were initiated in response to a growing interest in developing cell replacement strategies for the treatment of neurological diseases ([@b21-0050313]; [@b21-0050313]; [@b35-0050313]). Unfortunately, the cell types used (neurons, oligodendrocytes and neural stem cells) are not permissive to HIV infection and therefore would not be applicable to the HIS-CNS mouse model. Despite this limitation, the literature regarding xenotransplantation of these human CNS cells into the mouse brain is worth reviewing because some of the problems associated with the technique will probably apply to all cells of the human brain, including our cells of interest, the microglia and astrocytes. Collectively, these studies have shown that there are four factors that play a key role in the success of human brain tissue engraftment in immunodeficient mouse models. In the following paragraphs, we outline these parameters and provide details on how they are incorporated into our proposed strategy for the development of the HIS-CNS mouse model.

The first parameter that we considered when developing our strategy to transplant human astrocytes and microglia into the mouse brain was the permissiveness of the mouse tissue microenvironment. For example, rats subjected to chemical demyelination show significant remyelination when transplanted with human oligodendrocyte progenitor cells. Conversely, when the same cell type is transplanted into rats with an intact, healthy brain, very few human oligodendrocyte progenitors survive ([@b87-0050313]). This indicates that CNS damage provides a tissue microenvironment that encourages successful engraftment of human brain cells, possibly because factors in the damaged brain encourage the donor cells to migrate and mature. Thus, we suggest transplanting the human astrocytes and microglia into an injured mouse brain to increase the probability that they will engraft successfully.

The second parameter to be considered when creating the plan for the HIS-CNS mouse is the age of the recipient mouse. Studies conducted in the HIS mouse model indicate that the human immune system is reconstituted more efficiently in neonates compared with adult mice ([@b32-0050313]; [@b33-0050313]). For example, in BRG/CD34^+^ mice, at 8 weeks following transplantation of human CD34^+^ cells, neonates show engraftment of 80%, whereas mice transplanted at 1 week of age show 30% and mice transplanted at 2 weeks of age show only 10% ([@b28-0050313]). The cause of this age-dependent decline in the efficiency of engraftment is not clear, but it is possible that trophic factors are optimally expressed in the early neonatal stage ([@b28-0050313]; [@b45-0050313]). Thus, we suggest engraftment of the HIS-CNS mice with both the human lymphoid and brain tissue on postnatal day 1 to take advantage of this perinatal period when the mice demonstrate increased tolerance to engrafted tissue ([@b63-0050313]).

The third parameter to be considered is the source of the human lymphoid and brain tissue for engraftment into the HIS-CNS mouse. In general, cells isolated from human fetal tissue seem to have an advantage over cells isolated from adult tissue. For example, a side-by-side comparison shows that human fetal oligodendrocyte progenitor cells demonstrate greater mitotic behavior when transplanted into the mouse brain compared with adult human oligodendrocyte progenitor cells ([@b88-0050313]). Although there are no publications regarding the transplantation of human microglia and/or astrocytes into the mouse brain at present, based on the findings described above for oligodendrocytes, it is likely that the same principles will apply for all human CNS cell types. Thus, we propose injecting the mice at postnatal day 1 with a cell suspension of human fetal microglia and astrocytes. We plan to administer the cells in six separate intraparenchymal injections (three bilateral, all into the cerebral cortex; at least 5×10^4^ cells/injection). We have adapted this protocol from a method used previously for the successful engraftment of human oligodendrocytes into the mouse brain ([@b89-0050313]). Following administration of the fetal brain tissue, the mice will immediately receive an intrahepatic injection of human fetal hematopoietic CD34^+^ progenitor cells (from cord blood). We have selected this route of administration because it is an established method that has been used to successfully reconstitute the human immune system in the HIS mouse ([@b82-0050313]).

The final point we considered for our strategy to develop the HIS-CNS mouse is the challenge of tracking the human astrocytes and microglia post-transplantation, because many antibodies are not species-specific. A potential solution to this problem would be to transduce the human astrocytes and microglia with lentiviral vectors that express fluorescent proteins, prior to transplantation into the mouse brain ([@b76-0050313]). This method would almost eliminate the risk of false positives when tracking the cells after engraftment, and would allow not only the success of graft implantation but also the degree of cell engraftment in the mouse brain to be easily determined. Although viral transduction can alter the behavior of cells, it does not seem to change their ability to engraft into and repopulate the mouse CNS. For example, when NOD-SCID mice were transplanted with human neurospheres that had been transduced with a lentiviral vector expressing green fluorescent protein (GFP), more than 98% of 200 transplanted animals had human cell engraftment. Additionally, these cells demonstrated the potential for long-term survival, because they were detectable in the hippocampus more than 16 weeks later ([@b76-0050313]). On the basis of these findings, we propose a strategy for the HIS-CNS mouse model whereby mixed cultures of human fetal astrocytes and microglia will be transduced with lentiviral vectors that express green fluorescent protein before transplantation into the mouse brain. Once they are implanted into the mouse CNS, the fluorescent signal will allow us to easily differentiate the implanted human brain tissue from the mouse brain tissue when we assess the HIS-CNS mice for histological abnormalities during post-mortem analysis.

Although an HIV-infected HIS-CNS mouse model offers great promise for preclinical research on the mechanisms that contribute to the development of HAND, two concerns associated with these animals are: (1) the challenge associated with obtaining the large amount of human fetal tissue that will be necessary to create such models and (2) the fact that such a model is prone to variability between animals, limiting reproducibility. Tissue engineering approaches could play a key role in overcoming these challenges. For example, a recent study showed that polymer scaffolds encapsulating primary human hepatocytes can be used to create human ectopic artificial livers when implanted in immunocompetent mice with normal liver function ([@b11-0050313]). Post-transplantation, these hepatocytes successfully engrafted and expanded after only 2 weeks ([@b11-0050313]). This is a great advantage over traditional techniques because scaffold-free human hepatocytes cannot successfully engraft into a mouse unless the mouse has been subjected to some degree of liver injury and is immunocompromised. In addition, human hepatocytes engrafted without a scaffold typically take months to properly engraft and expand ([@b19-0050313]). The results of these studies suggest that this strategy of using polymer scaffolds would be ideal for implantation of human CNS tissue in the HIS-CNS mouse, owing to two main advantages. First, it would increase the consistency of human CNS tissue transplants from mouse to mouse, because polymer scaffolds allow for higher implantation efficiency and thereby reduce the number of human donor cells needed to establish a tissue graft. Because fewer cells are required, larger numbers of mice could be implanted from the same human tissue donor, thus increasing reproducibility in the HIS-CNS model. Second, previous studies indicate that the polymer scaffolds eliminate the requirement of tissue injury for successful engraftment ([@b11-0050313]; [@b19-0050313]). As mentioned previously, in order to successfully engraft human microglia and astrocytes in the HIS-CNS mouse, it will probably be necessary to injure the mouse CNS prior to cell transplantation. Using polymer scaffolds to implant human microglia and astrocytes in the mouse brain might eliminate the need for an injured mouse CNS, thereby eliminating one of the technical challenges associated with developing the HIS-CNS model.

Other considerations regarding implantation of human CNS cells into mice include species mismatch between glial-neuronal interactions, long-term survival of human cells in the brain and unresolved ethical issues related to humanization of the mouse brain. It needs to be determined which regions of the brain and how much of the brain can and should be safely humanized.

Conclusion
==========

Animal models of disease allow us to study questions about pathophysiology and treatment, but we cannot expect them to exactly mimic human disease. As detailed in this review, a single small animal model to study all aspects of HAND is not currently available. Instead, the multiple mouse models of HIV that are available are used to address different questions related to HAND, depending on which aspect of the disease they recapitulate.

Owing to the introduction of cART, the presentation of disease in a typical HIV-infected individual is now much different than when the disease was first described. Thus, the criteria that were used to create mouse models of HIV should now be revisited. In the previous section, we proposed the development of a human-mouse chimeric model that would improve on currently available models in that it would recapitulate most features of HAND in a single physiological system containing both a human immune system and human CNS cells ([Fig. 2](#f2-0050313){ref-type="fig"}). This proposed HIS-CNS model offers an advantage over the transgenic HIV, HIS and HIVE mouse models because it would contain both human brain macrophages and astrocytes capable of being infected with HIV. In addition to enabling studies of the pathological mechanisms underlying HAND, the effects on the brain of long-term cART exposure could be addressed. It is hoped that this approach will contribute to the development of new antiviral and neuroprotective treatments for HAND.
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